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Available online xxxxTo determine the long-term impact of organic amendments on metal (Cd and Zn) immobilization, soil from the
Campine region was amended with holm oak-derived biochar, compost, and peat, and monitored over a 3-year
period. Pot experiments were conducted bymixing the amendments independently at 2% and 4% (g/g) with the
soil. The mobility and solubility of metals in the treatments were assessed bymeans of rhizon soil moisture sam-
plers, sequential BCR extractions, and diffusive gradient in thin ﬁlms (DGT).
Over the three-year period, the 2% biochar addition resulted in an average decrease in pore water concentration
of 40% for Cd and 48% for Znwhereas the 4% addition led to an average decrease of 66% for Cd and 77% for Zn. The
immobilization effect in the biochar treatments was attributed to the consistently higher pH and lower concen-
trations of dissolved organic carbon (DOC) in the soil. The latter may have been caused by sorption of DOC onto
the surface of biochar thereby increasing its negatively charged functional groups that are able to sorb cations. On
the other hand, compost and peat had the unwanted effect of signiﬁcantly increasing the concentrations of Cd
and Zn in the soil pore water. This was partly due to the formation of soluble organo-metallic complexes as sig-
niﬁcantly higher DOC concentrations were found in the compost and peat treatments.
Results from the DGT measurements, after a 24 h deployment time, revealed a low resupply (R ≤ 0.4) of Cd and
Zn from the solid phase to the soil solution in both amended and unamended soil. This suggests a case of slow
metal desorption kinetics in the soil that was relatively unchanged by the presence of organic amendments.
© 2018 Elsevier B.V. All rights reserved.Keywords:
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the Campine Region, situated in Belgium and the Netherlands, have re-
sulted in signiﬁcant areas of soil exhibiting moderate contamination
with metals (Schreurs et al., 2011). Metals of high concern in the ap-
proximately 700 km2 area are cadmium (Cd) and zinc (Zn) with con-
centrations in crops exceeding the European food and feed standards
(Meers et al., 2010). Cd concentrations up to 50 mg/kg have been re-
ported in the vicinity of the factories while Cd contamination in neigh-
boring municipalities is mainly diffuse and moderate (b5 mg/kg).
Studies have shown that diet is the dominant exposure pathway of
metals to humans (Chaney et al., 2004; Tchounwou et al., 2012). Roots
of crops and vegetables can absorb these pollutants from soil and trans-
fer them to seeds (Meng et al., 2014). It is, therefore, necessary to imple-
ment remediation measures to reduce the bioavailability of these
metals.
The vastness of the contaminated area makes conventional remedi-
ation methods very expensive and unfeasible. Therefore, alternative re-
mediation involving more cost-effective strategies are being explored
(OVAM, 2012). Organic matter shows considerable potential to amelio-
rate trace element toxicity to plants by redistributing metals to less-
available forms (Shuman, 1999). Compost, peat, and biochar are low-
cost organic amendments that have been shown, in some studies, to
be capable of immobilizingmetals in contaminated soil andwastewater
(Fischer, 2002; Gupta et al., 2009; Park et al., 2016; Venegas et al., 2016).
However, other studies have shown that metals, when adsorbed to dis-
solved organic matter, may become more mobile and available for up-
take by plant roots (Du Laing et al., 2009). Therefore, the presence of
organic matter may both increase or decrease metal solubility, depend-
ing on organic matter composition and physicochemical characteristics
(Meers, 2005).
Biochar, the carbon-rich product of thermal decomposition of bio-
mass in a zero or low oxygen environment, is gaining worldwide atten-
tion due to its potential beneﬁts for soil health, crop yield, carbon
sequestration, and soil remediation (Ahmad et al., 2014; Hussain et al.,
2016; Trakal et al., 2017). Recent studies have shown that biochar's
highly porous structure, active functional groups, alkaline nature and
cation exchange capacity (CEC) gives it the ability to immobilize soil
metals and reduce their accumulation in plants (Beesley et al., 2011;
Ahmad et al., 2016). However, these biochar effects on soil properties
have generally not been observed in long-term studies. Its assumed lon-
gevity in soils suggests that biotic and abiotic processes may change the
properties of biochar over time. This phenomenon is commonly re-
ferred to as “ageing” and may modify the long-term effects of biochar
on soil properties (Heitkötter and Marschner, 2015). During ageing,
the oxidation processes in soil increases the negatively charged organic
functional groups on biochar surface. This is due to changes in surface
chemistry and charge characteristics (Cheng et al., 2008). This raises
questions about how heavy metal mobility and stability are affected
by ageing of biochar in amended soils. Also important to know are the
mechanisms that inﬂuence the redistribution and bioavailability of bio-
char amended soils. Houben et al. (2012) highlighted the roles of pH
and dissolved organic carbon (DOC) in inﬂuencing pore water concen-
trations of Cd, Zn, and Pb in contaminated soils amended with different
organic materials such asmanure, ﬂy ash and bentonite. Both increased
and decreased metal concentrations were reported indicating that the
nature of the observed effect was dependent on the type of amendment
applied. Therefore, a better understanding of the effects of different
amendments is essential for targeting remediation efforts to reduce
the risk posed by metals in the soil.
Changes in metal concentration in soil solution as a result of contin-
uous uptake by plants may induce replenishment from the soil, effec-
tively increasing the bioavaibility of labile fractions associated with
the solid phase (Hooda et al., 1999). Thus, the application of an efﬁcient
method in measuring the fraction of labile elements that arebioavailable plays a crucial role in risk assessment and monitoring of
metal concentrations in soils (Silva et al., 2012). Soil pore water analysis
has been demonstrated in several studies as an effective assessment tool
(Chapman et al., 2002; Trakal et al., 2017) and, as such, pore water sam-
ples have been recommended for use in ecotoxicity tests (Tiensing et al.,
2001). Pore water extracted by Rhizon soil moisture samplers (SMS)
provides an expedient representation of the fraction of soil water that
is available to plants. Use of this method makes it possible to observe
short term processes due to changing soil chemistry and it is relatively
easy to use and inexpensive compared to other procedures for
extracting soil pore water (Shotbolt, 2010). On the other hand, the dif-
fusive gradient in thin ﬁlms (DGT) technique is designed to provide
an in situ measurement of metal bioavailability by mimicking plant up-
take through continuous extraction of chemical species (Hooda et al.,
1999). This technique is based on the diffusion of metals in pore water
through a diffusive gel layer to a binding phase where they are concen-
trated (Zhang and Davison, 1995). The effectiveness of the DGT tech-
nique to predict plant uptake have been demonstrated for several
metals such as Cd, Cu, Ni, Pb and Zn (Degryse et al., 2006; Nowack et
al., 2004). A distinct advantage of DGT is that it provides useful informa-
tion about the kinetics of metal resupply from the solid phase (Zhang,
2003).
This work is an extension from a previous publication by Van Poucke
et al. (2017) which reported on the Cd results obtained from ﬁrst two
years of the study. In our paper, Cd and Zn results obtained during the
three years of the study, as well as additional endpoints, i.e., BCR se-
quential extraction and DGT results, are reported. The aim of this
studywas to assess the effectiveness of holm oak-derived biochar, com-
pared to compost and peat, in reducing themobile and bioavailable frac-
tions of Cd and Zn in sandy soil of the Campine region that is historically
contaminated with metals. Over a three-year period, the stability of the
observed effects in organic amendment-treated soils was monitored
and evaluated by means of sequential extractions and pore water anal-
yses using rhizon SMS. Another objective of this study was to gain an
understanding about the kinetics ofmetals in amended and unamended
soil, on the basis of DGT extractions.
2. Materials and methods
2.1. Study site
Soil for this study was sourced from an experimental site in Lommel
(51°12′41″N; 5°14′32″E). The site is situated in the Belgian Campine re-
gion and is diffusely contaminated with Cd and Zn as a result of atmo-
spheric deposition from the non-ferrous industry in the region, from
the end of the 19th century to the mid-1970s (Schreurs et al., 2011).
The metal concentration in the region decreases with increasing dis-
tance from the smelting factories. Homogenous samples were collected
from an area near one of the reﬁning units, thus representing a “worst-
case” metal level in the typically sandy soil of the region.
2.2. Soil and amendments
Soil was collected from the top layer (0–25 cm), air-dried, passed
through a soil grinder, 2 mm sievemesh and stored. Three amendments
were used in this study. The amendments were a biochar derived from
holmoakwoodpyrolysed at 650 °C, compost produced from strawberry
and leek residues, and commercial Agroturf peat. A summary of the
physical and chemical properties of the soil used in this study are
shown in Table 1 (Van Poucke et al., 2017). The high organicmatter con-
tent (3.99%) explains the relatively high cation exchange capacity of
7.26 cmoles (+)/kg of the sandy soil. The contents of Zn, Cd, and Pb in
mg/kg are considerably higher than the Flanders median levels of
34.5, 0.18, and 21.5, respectively (Tack et al., 1997). The concentration
of Cu was higher than the threshold value of 20 mg/kg.
Table 1
Physical and chemical properties of the Lommel soil used for this study (mean n = 3;
±standard deviation) (Van Poucke et al., 2017). Percentages of sand, silt and clay as re-
ported by Meers et al. (2010).
Property Soil 1 Concentration/%fraction
pH 6.3 ± 0.01
CEC 7.26 ± 0.39 cmol(+)/kg
Organic matter 3.99 ± 0.16 %
N 1.23 ± 0.08 g/kg
Ca 1579 ± 349 mg/kg
Mg 337 ± 51 mg/kg
Na 56.7 ± 3.2 mg/kg
K 376 ± 26 mg/kg
Al 2878 ± 55 mg/kg
Cr 13 ± 0.30 mg/kg
Cu 30 ± 0.60 mg/kg
Fe 1610 ± 19 mg/kg
Mn 36 ± 0.80 mg/kg
Ni 4.7 ± 0.60 mg/kg
Cd 11 ± 0.50 mg/kg
Zn 298 ± 29 mg/kg
Pb 247 ± 8.0 mg/kg
Sand 88 %
Silt 8 %
Clay 4 %
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ments used in this study: biochar, compost, and peat, are presented in
Table 2 (Van Poucke et al., 2017). Biochar had the highest pH and the
peat the lowest. Peat was found to have the highest CEC and total nitro-
gen content, while biochar measured the lowest in both. In terms of
metals, compost had the highest concentrations in all but Mn and Ni
in which biochar measured highest. Peat was found to have the lowest
concentrations of all themetalsmeasured, with undetectably low levels
of Cd. None of the amendments exceeded the maximummetal concen-
trations permitted by Flemish legislation (OVAM, 2012).
2.3. Pot preparation and perennial monitoring
Treatment pots were prepared by mixing 2% and 4% (g/g) of each
amendment with contaminated soil in three replicates. The following
abbreviations were used to indicate the following treatments: soil con-
trol (SC), biochar 2% (B2) and 4% (B4), compost 2% (C2) and 4% (C4) and
peat 2% (P2) and 4% (P4). The initial total weight of the soil or soil +
amendment mixture at the start of the study in 2015 was 500 g for all
treatments. After performing extraction experiments, the treatments
were air-dried and stored in sealed plastic bags. Due to the removal of
sub-samples for chemical analyses in the ﬁrst year of the study, the
weight of treatments used in the subsequent year was 300 g. Again,
the treatments were air-dried and stored after extraction experiments
were performed. In the third year of the study, theweight of treatmentsTable 2
Chemical properties andmetal concentrations of the amendments compared in this study
(mean± standard deviation) (Van Poucke et al., 2017).
Properties Units Biochar Compost Peat
pH 9.6 ± 0.01 8.0 ± 0.04 3.9 ± 0.07
N g/kg 4.53 ± 0.08 6.3 ± 0.12 12.9 ± 0.13
Orphophosphate mg/kg 310 ± 4 459 ± 7 31 ± 1
CEC cmol(+)/kg 17.4 ± 1.4 53.5 ± 0.80 96.8 ± 0.8
Al mg/kg 494 ± 23 1567 ± 302 251 ± 53
Cr mg/kg 0.60 ± 0.19 3.75 ± 1.20 0.55 ± 0.26
Cu mg/kg 9.70 ± 1.34 14.05 ± 1.34 1.9 ± 0.33
Fe mg/kg 457 ± 5 1851 ± 736 271 ± 38
Mn mg/kg 303 ± 20 117 ± 29.0 7.2 ± 1.8
Ni mg/kg 7.40 ± 0.62 2.10 ± 0.41 0.80 ± 0.12
Cd mg/kg 0.15 ± 0.02 0.35 ± 0.08 b0.07
Zn mg/kg 14.2 ± 0.97 81.3 ± 8.78 5.80 ± 0.94
Pb mg/kg 1.55 ± 0.66 9.5 ± 2.8 0.80 ± 0.32was 220 g. This study consisted of threemonitoring periods, one in each
year, between from 2015 to 2017. Before starting the extraction exper-
iments, the treatments were thoroughly mixed three times a week for
six weeks. To maintain equilibrium conditions, the soil pots continued
to be mixed at equal frequency and kept at 75% water holding capacity
throughout each monitoring period. The pots were kept at room tem-
perature (20 °C) for the entire duration of the experiment.
2.4. Experiments on amended treatments
2.4.1. Rhizon extraction
Rhizon soil moisture samplers (SMS) (Eijkelkamp Agrisearch Equip-
ment, Giesbeek, the Netherlands) were inserted diagonally from the
topsoil into each treatment pot and a vacuum tubewas connected to ex-
tract the soil pore water solution overnight. The collected solutions
were acidiﬁed with 1 drop of 1% HNO3 and then the Zn and Cd concen-
tration of each sample was measured using the Inductively Coupled
Plasma-Optical Emission Spectrometry (ICP-OES) (Varian Vista MPX,
Varian Palo Alto, California, USA) and the Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS) (Perkin Elmer Series 200 HPLC, California,
USA). In each monitoring period, ﬁve to six samples were collected and
analyzed.
2.4.2. Sequential extraction
Sequential chemical extraction of the amended and unamended
soils was conducted according to the modiﬁed sequential extraction
procedure proposed by the European Community Bureau of Reference
(BCR) (Rauret et al., 1998). Four metal fractions namely: acid soluble/
exchangeable (0.11M HOAc), Fe and Mn bound oxides and hydroxides
(0.5 M NH2OH), organic matter-bound (NH4OAc) and the residual frac-
tion (aqua regia) were determined. All extracted solutions were ana-
lyzed with the ICP-OES and the ICP-MS to determine Zn and Cd
concentrations.
2.4.3. Dissolved organic carbon
Oneml of rhizon extract from each treatment (collected inweek 5 of
the third year) was diluted with milli-Q water to obtain a volume of 20
ml. DOC concentrations were measured with a TOC-analyser (TOC-
5000, Shimadzu, Tokyo Japan).
2.4.4. Diffusive gradient in thin ﬁlms (DGT) extraction
In the monitoring period of the third year of the study, DGT mea-
surements were taken at a deployment time of 24 h to provide insight
into the kinetics of metal release in the soil treatments according to
the procedure described by Zhang (2003). The DGT soil samplers
(DGT Research Ltd, Lancaster, UK) consisted of a plastic assembly con-
taining a layer of Chelex resin separated from the soil by a diffusion
gel layer and a 0.45-μm ﬁlter membrane through which ions can freely
diffuse. The resin gel acts as an inﬁnite sink, thereby promoting resupply
of labile metals from the solid phase of soil. The metal concentrations in
the DGT gels were determined by the ICP-MS. The calculations of the
time-averaged metal concentration at the interface between the soil
and the diffusive gel layer (CDGT) and the effective concentration (CE)
was fully described by Zhang (2003). Based on the description, the
ratio (R) of CDGT to the initial porewater concentration (Csol) which rep-
resents the ability and capacity of the soil solid phase to resupply solutes
to the soil solution and the kinetics of this transfer was calculated by:
R ¼ CDGT
Csol
;0bRb1
An R value closer to 1 indicates very rapid resupply from the solid
phase to the soil solution, whereas a lower R value close to 0.1 indicates
very slow resupply.
Table 3
pH-H2O of the soil treatments (SC: soil control, B2: soil + holm-oak biochar (2%), B4: soil
+ holm-oak biochar (4%), C2: soil + compost (2%), C4: soil + compost (4%), P2: soil +
peat (2%) P4: soil + peat (4%)).
Treatment 2015 2016 2017
SC 6.3 6.3 6.8
B2 6.9 6.7 7.2
B4 7.3 7.2 7.5
C2 6.3 6.0 6.7
C4 6.4 6.2 6.7
P2 5.7 5.5 5.9
P4 5.4 5.3 5.5
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Descriptive statistics were performed using Microsoft Excel 2016
and SPSS 22 software packages. Differences in Cd and Zn concentrations
between the treatments were assessed using Tukey's test for themulti-
ple comparisons of means among treatments at a signiﬁcance level of
0.05, performed after a one-way ANOVA (analysis of variance) with
treatment as the factor. Prior to the ANOVA, the Shapiro-Wilks test for
normality and Levene's test for equality of variance were run.3. Results
3.1. pH changes in the soil treatments
The pH-H2O of the different soil treatments in each of the three years
are shown in Table 3. A distinct trend in pH was not observed in the
treatments. However, it is clear that the addition of biochar increased
the soil pH. This increase was consistent throughout the three years
with B4 being notably higher than B2. The increased pH in the biochar
amended soils was likely due to the alkaline nature of biochar. The pHFig. 1. Percentage distribution of different fractions of (a) Cd and (b) Zn in the treatments (n= 3
soil + compost (2%), C4: soil + compost (4%), P2: soil + peat (2%) P4: soil + peat (4%)).of the compost treatments was comparable to that of the soil control,
while the peat treatments were slightly acidic.3.2. Changes in Cd and Zn mobility
Throughout the three-year period, the highest metal concentrations
in all treatments were found in the acid-soluble phase, indicating that
majority of the Cd and Zn was exchangeable (Fig. 1). Signiﬁcant differ-
ences were not observed in each fraction among the treatments within
each year. However, a signiﬁcant reduction in the acid-soluble fraction
was observed for Cd from 69–80% in 2015 to 56–69% in 2016 and for
Zn from 68–81% to 65–74%. This corresponded with an increase in the
fraction of Cd bound to Fe and Mn oxides, from 18–29% to 20–34%,
while Znwas relatively unchanged from11–21% to 11–19%. The organic
matter-bound fraction increased from 2015 to 2016 but decreased in
2017. Thismay be attributed to the rapid decomposition of organicmat-
ter after the ﬁrst year which gradually stabilized over time (Antoniadis
and Alloway, 2002).3.3. Changes in soil pore water metal concentration
Rhizon extraction is a simplemeans of estimating the soil porewater
concentration of metals. From Fig. 2, it is clear that throughout the three
years, the peat treatments contained signiﬁcantly higher amounts of Cd
and Zn in the pore water than the other treatments. The dosage effect is
also evident as higher metal concentrations were found in P4 than P2.
The compost treatments also signiﬁcantly increased Cd and Zn concen-
trations compared to the control, with C2 having higher metal concen-
trations that C4. Metal concentrations in the biochar treatments were
signiﬁcantly decreased compared to the control. Over the three-year pe-
riod, B2 resulted in an estimated average decrease in pore water con-
centration of 40% for Cd and 48% for Zn while B4 led to an average
decrease of 66% for Cd and 77% for Zn.) (SC: soil control, B2: soil + holm-oak biochar (2%), B4: soil + holm-oak biochar (4%), C2:
2015 2016 2017
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Fig. 2. Changes in concentration in the rhizon extracts of the soil treatments for (a)
cadmium and (b) zinc over the three-year period of the experiment. Five or six samples
were taken weekly in each year. Typical relative standard deviation was below 30% for
Cd and 19% for Zn (n = 3) (SC: soil control, B2: soil + holm-oak biochar (2%), B4: soil
+ holm-oak biochar (4%), C2: soil + compost (2%), C4: soil + compost (4%), P2: soil +
peat (2%) P4: soil + peat (4%)).
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In the third year of the study, DOC in the rhizon extracts was mea-
sured to determine the relative concentrations among the treatment
groups (Fig. 3). B4 measured the lowest DOC concentration with 135
mg/l while P4 measured the highest with 394 mg/l. Compared to theFig. 3. Comparison of DOC in the rhizon extracts between the seven treatments of the
long-term study. Same letters indicate no signiﬁcant difference at p b 0.05 level.
Intervals indicate standard deviation (n = 3). (SC: soil control, B2: soil + holm-oak
biochar (2%), B4: soil + holm-oak biochar (4%), C2: soil + compost (2%), C4: soil +
compost (4%), P2: soil + peat (2%) P4: soil + peat (4%)).control, the results indicate a signiﬁcant decrease in DOC in the biochar
treatmentswhile the compost and peat treatments showed a signiﬁcant
increase at 0.05 signiﬁcance level.
3.5. DGT measurement
The highest DGT-measured concentrations (CDGT) were observed in
the peat treatment group while the lowest were found in the biochar
treatment group (Table 4). The results agree with the trend observed
in the rhizon extracts wherebymetal concentrations were inversely re-
lated with soil pH. In all treatments, the CDGT was lower than the con-
centration of Cd and Zn in the soil solution (Csol). The R value which
represents the resupply potential ranged from 0.1–0.4 indicating a gen-
erally low resupply ofmetals from the solid phase. The effective concen-
tration (CE), which is directly related to plant uptake, was signiﬁcantly
higher in the peat treatment groups and lowest in the biochar treatment
groups at 0.05 signiﬁcant level.
4. Discussion
The effect of pH on Cd and Zn immobilization was well demon-
strated in this study. The application of biochar increased the soil pH
and thus enhanced the immobilization of metals, in agreement with
ﬁndings by Park et al. (2011) and Zhang et al. (2013). Over the three-
year period, the 2% biochar addition resulted in an average decrease in
pore water concentration of 40% for Cd and 48% for Zn. The reduction
was notably higher in the 4% biochar treatments with an average de-
crease of 66% for Cd and 77% for Zn, clearly highlighting a dosage effect.
Increase in soil pH as well as its adsorption capacity has been identiﬁed
as the main mechanisms of biochar's remediation effect (Ahmad et al.,
2012a, 2012b; Uchimiya et al., 2010). This effect remained relatively sta-
ble throughout the three years of the study (Fig. 2) suggesting that age-
ing did not signiﬁcantly affect the pH and sorption capacity of biochar.
The speciﬁc mechanism of metal immobilization in the biochar treat-
ments, with pH of 6.9 and 7.1, was likely a result of formation of precip-
itates such as Cd(OH)2 and Zn(OH)2 (Mohan et al., 2014). Furthermore,
Cheng and Lehmann (2009) have shown, through spectroscopic analy-
ses, that biochar ageingmay lead to the development of additional neg-
atively charged functional groups. This implies that the biochar surfaces
may remain active for several years for metal adsorption to occur (Bian
et al., 2014).
Another factor whichmay have played an important role in control-
ling metal solubility in biochar amended soil is the DOC concentration.
The signiﬁcantly lower concentration of DOC in the biochar treatments
compared to the control, may be linked to the reducedmetal availability
in porewater. In the third year of study, average DOC in B4was 134 mg/
l which is considerably lower than 212 mg/l measured in SC. This obser-
vation is presumably due to sorption of DOC onto the surface of biochar
(Pietikäinen et al., 2000). Similar results were obtained by Gomez-eyles
et al. (2011) who reported that the addition of hardwood-derived bio-
char (600 °C) decreased the concentration of soluble organic carbon
after 28 days of incubation. A possible mechanism responsible for the
decrease in Cd and Zn may be partly due to the increased sorption
sites of the biochar-DOC associations. Prost et al. (2012) showed that
sorption of dissolved organic matter to biochar can increase negatively
charged functional groups that are able to sorb cations. Furthermore,
Heitkötter and Marschner (2015) demonstrated that DOC concentra-
tions decreased after ageing, implying that the mechanism of metal
sorption due to biochar-DOC associations may become more important
over time.
The observed decrease in soil pH due to the addition of peat was
linked to the increased bioavailability of Cd and Zn. Similar ﬁndings
were obtained by Park et al. (2016) who observed increasedmetal mo-
bility and bioavailability in soil after peat application. At low pH, dis-
solved metal concentration in soil water extracts is dominated by free
ionic forms (e.g., Cu2+, Zn2+) indicating an increase in metal solubility
Table 4
Concentrations of Cd and Zn in the porewater (Csol) determined from the rhizon extract, DGT-measured Zn concentration calculatedwith constant diffusion coefﬁcient (CDGT), DGT-mea-
sured Zneffective concentration (CE) and the ratio (R) of CDGT to Csol.Means and standarddeviations are shown (n= 3). Same letters indicate no signiﬁcant difference at p b 0.05 level. (SC:
soil control, B2: soil + holm-oak biochar (2%), B4: soil + holm-oak biochar (4%), C2: soil + compost (2%), C4: soil + compost (4%), P2: soil + peat (2%) P4: soil + peat (4%)).
Treatment SC B2 B4 C2 C4 P2 P4
Cd (μg/l) Csol 53 ± 19 26 ± 6.0 17 ± 12 68 ± 27 67 ± 28 133 ± 20 224 ± 14
CDGT 15 ± 1.1 11 ± 4.6 6.0 ± 2.0 16 ± 4.8 21 ± 5.2 28 ± 7.8 28 ± 3.4
CE 222 ± 15a 160 ± 66b 82 ± 29b 223 ± 69a 302 ± 75c 403 ± 112d 408 ± 57d
R 0.3 0.4 0.3 0.2 0.3 0.2 0.1
Zn (mg/l) Csol 3.5 ± 0.6 1.9 ± 0.2 0.72 ± 0.17 6.4 ± 2.4 5.5 ± 1.6 15 ± 3.6 28 ± 2.0
CDGT 1.04 ± 0.3 0.69 ± 4.0 0.30 ± 1.3 1.21 ± 4.0 1.58 ± 5.0 2.63 ± 8.0 3.02 ± 4.0
CE 13 ± 0.3a 8.6 ± 4.0a 4.5 ± 1.4b 15 ± 4.0a 20 ± 6.0c 33 ± 9.0cd 38 ± 4.0d
R 0.3 0.4 0.4 0.2 0.3 0.2 0.1
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a result of increased solubility of metal complexes such as carbonates,
hydroxides and phosphates. However, the addition of 2% and 4% com-
post had no signiﬁcant effect on the soil pH, yet signiﬁcantly higher con-
centrations of Cd and Zn were measured in the pore water of the
compost treatments. This may be explained by decomposition of or-
ganic matter which leads to increased DOC concentration (Gusiatin
and Kulikowska, 2016). High DOC concentration has been linked to an
increase in metal mobility, due to the formation of soluble organo-me-
tallic complexes that may prevent the adsorption of metals (Ahmad et
al., 2012a, 2012b; Antoniadis and Alloway, 2002). The notable increase
in the organic matter-bound fraction of Cd and Zn in 2016 (Fig. 3) pro-
vides further evidence that considerable amounts of organic carbonwas
released after the ﬁrst year. This is consistent with the results obtained
by Lu et al. (2005) who studied the fractionation of Cu, Zn, Pb and Cd in
contaminated soil after 8 weeks of incubation. Reddy et al. (1995) and
Naidu and Harter (1998) demonstrated that at low pH, increased con-
centrations of DOC become very effective in competing with solid sur-
faces for adsorption of metals. This may have caused the observed
increase in the availability of Cd and Zn in the peat and compost treat-
ments in 2016 (Fig. 2). However, as rate of decomposition slows down
and the DOC starts to form more stable and insoluble associations
with metals over time (Antoniadis and Alloway, 2002), the metal con-
centrations start to decrease. This may explain the decline in pore
water concentrations of Cd and Zn in the compost, peat and control
treatments in 2017.
The application of diffusive gradient in thin ﬁlms (DGT) for themea-
surement of tracemetalﬂuxes is a proven alternative for assessing plant
uptake (Duquène et al., 2010; Zhang et al., 2001). TheDGT-measured ef-
fective concentration (CE) is presumed to relate directly to plant uptake,
as it represents the concentration of metals supplied to the DGT resin
(or a plant) that comes from both diffusion in solution and release
from the solid phase (Zhang et al., 2001). After a deployment time of
24 h, the high values for CE obtained, even in the biochar treatment
group, indicate the high level of metal contamination in the soil (Table
3). Concentrations of 82 μg/l for Cd and 4.5 mg/l for Zn far exceed the
Flemish criteria for soil solution metal concentrations of 5 μg/l and 0.5
mg/l for Cd and Zn, respectively (Vlarebo, 2008).
DGT measurements can also be interpreted in terms of the ratio (R)
betweenCDGT and Csol which gives an indication of the ability and capac-
ity of the soil solid phase to resupply solutes to the soil solution and the
kinetics of this transfer (Kovaříková et al., 2007). In other words, the R
value represents the remobilization of metals from the soil solid phase
that is induced due to local depletion in the pore water concentrations
(Qasim et al., 2016). The R value for Cd and Zn in both the control and
biochar treatments ranged between of 0.3 and 0.4, and indicates a low
resupply of Cd and Zn from the solid phase. This may be insufﬁcient to
fully sustain pore water concentrations (Zhang, 2003) and further sug-
gests that the addition of biochar had no signiﬁcant effect on the Cd and
Zn resupply, although soil solution concentrations of Cd and Zn were
signiﬁcantly decreased. With the exception of C4, the R value in the
compost and peat treatments for both metals ranged between 0.2 and0.1, which represents a very low Cd and Zn resupply. This limitation in
supply from the solid phase may be a result of a limited reservoir of
available metals (Harper et al., 1998). It is, therefore, probable that the
high metal concentrations released in the pore water of the compost
and peat treatments over the three-year period, may have resulted in
a deﬁciency of labile metals associated with the solid phase. Then
again, the generally lowmetal resupply in all the treatmentsmay simply
have been caused by slow desorption kinetics in the soil (Harper et al.,
1998). Future studies should employ DGT measurements over a range
of deployment times to obtain more information about the capacity
and kinetics of metal resupply from the solid phase.
It is important to note that although the total concentrations of bio-
available Cd and Zn were reduced after biochar application, the strin-
gent criteria on solution concentration for remediated soils were not
met. B4 resulted in the lowest pore water concentration of 10 μg/l for
Cd and 0.60 mg/l for Zn. This represents 67% and 76% reductions in
pore water Cd and Zn concentrations respectively, compared to the
lowest concentrations obtained in SC. These were however not low
enough to put them below the Flemish legislation threshold concentra-
tions of 5 μg/l for Cd and 0.50 mg/l for Zn for groundwater (OVAM,
2012). It can, therefore, be postulated that longer incubation time and/
or higher application rates of amendments may likely result in lower
metal concentrations that fall below the legislative thresholds. Further-
more, it may be interesting to monitor the changes in Cd and Zn resup-
ply kinetics over an extended period to provide further insight into the
mobility pattern of metals in amended soil.
5. Conclusions
This study demonstrated the inﬂuence of organic amendments in
controlling Cd and Zn solubility in historically contaminated soil of the
Campine region. Biochar effectively immobilized Cd and Zn over a pe-
riod of 3 years after a single application in the long-termmetal-contam-
inated soil. On the other hand, compost and peat had the unwanted
effect of increasing the bioavailable Cd and Zn concentrations. The
DGT measurement in the third year of the study revealed a generally
low resupply of Cd and Zn from the solid phase to soil solution in
amended and unamended soil. This points to a limited ability of the la-
bilemetal pool in the solid phase to be released into the porewater. The
pH was the dominant factor in determining available metal concentra-
tions and DOC may have also played an important role. These ﬁndings
provide further evidence to suggest that biochar amendment could po-
tentially be an effective and sustainable means of stabilizing metals in
contaminated soil.
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